diagnosis (P ‫؍‬ .009) was associated with favorable DFS, and grades 3 and 4 acute GVHD were associated with inferior DFS. Multivariate analysis showed that grades 1 or 2 GVHD (P ‫؍‬ .008) and no hepatomegaly at diagnosis (P ‫؍‬ .014) were associated with improved relapse-free survival (RFS). Our results show that children older than 10 years are at higher risk for developing severe GVHD; acute GVHD is associated with favorable RFS. (Blood.
In Children's Cancer Group (CCG) study 2891, patients who were recently diagnosed with acute myelocytic leukemia (AML) were assigned randomly to standard-or intensive-timing induction chemotherapy. Patients in first complete remission (CR1) and who had a human leukocyte antigen (HLA)-identical, related donor or a donor disparate at a single class I or II locus were nonrandomly assigned to receive a bone marrow transplant (BMT) by using oral busulfan (16 mg/kg) and cyclophosphamide (200 mg/kg). Methotrexate only was given for graft-versus-host disease (GVHD) prophylaxis. One hundred fifty patients received transplants. Grade 3 or 4 acute GVHD occurred in 9% of patients. Patients younger than 10 years had a lower incidence of grade 3 or 4 GVHD (4.6%) compared with patients 10 years or older (17.4%) (P ‫؍‬ .044). Disease-free survival (DFS) at 6 years was 67% and 42% for recipients of intensive-and standardtiming induction therapies, respectively. Multivariate analysis showed that receiving intensive-timing induction therapy (P ‫؍‬ .027) and having no hepatomegaly at Introduction Bone marrow (BM) transplantation using a human leukocyte antigen (HLA)-matched sibling donor has been effective for children who have acute myelocytic leukemia (AML) in first remission. [1] [2] [3] [4] [5] [6] [7] [8] Retrospective studies on adult recipients of allogeneic BM transplantation suggest that graft versus leukemia (GVL) may contribute to curing patients with AML. 9, 10 The role of GVL in curing pediatric AML has not been established. In Children's Cancer Group (CCG) 2891, patients who were recently diagnosed with AML were randomly assigned to intensive-timing induction therapy or standard-timing induction therapy. Patients in first complete remission and who had HLA-identical sibling donors or a family donor disparate for a single HLA-A, -B, or -DR locus were allocated to BM transplantation. Patients without donors were randomly assigned to receive intensification therapy or an autologous BM transplantation. We previously reported outcomes on the basis of the results of randomization (intent-to-treat) and showed that recipients of allogeneic BMT had improved disease-free survival (DFS) and overall survival (OS) compared with patients who received consolidation chemotherapy or autologous BMT, and that intensive-timing induction therapy resulted in improved DFS and OS regardless of consolidation therapy type received. 1,2 To best examine the effects of clinical characteristics, type of induction therapy received, incidence and severity of transplant-related toxicities, and graft-versus-host disease (GVHD), as well as existence of GVL effect, we limited our analysis to patients who received induction therapy and underwent BM transplantation according to protocol.
Patients, materials, and methods

Induction therapy
CCG 2891 was open to patients who were recently diagnosed with AML and myelodysplastic syndrome. In this report we excluded AML as a second malignancy, patients with Down syndrome, granulocytic sarcoma without marrow involvement, and granulocytic sarcoma with de novo myelodysplastic syndrome. Thus, we included 887 children with de novo AML. Marrow was analyzed for cytogenetic abnormalities and immunophenotype at diagnosis. Cell markers analyzed included CD10, CD19, CD2, CD7, anti-2B/3A, terminal deoxynucleotidyl transferase (TDT), CD14, CD15, and CD33. Induction therapy consisted of dexamethasone, cytarabine, thioguanine, etoposide, and rubidomycin (called DCTER). 1,2 Patients were randomly assigned to receive intensive-timing induction therapy or standardtiming DCTER. For patients who received standard-timing DCTER, if marrow was hypocellular on day 14 examination, the second course of DCTER was given when counts recovered. If day 14 marrow showed more than 40% blasts, the second course of DCTER was given regardless of counts. In the intensive-timing arm, a second course of DCTER was given after a 6-day rest, regardless of counts. All patients received 4 courses of induction therapy. Patients who entered a complete remission and who had an HLA-matched sibling or related donor disparate for one HLA-A, -B, or -DR locus were nonrandomly assigned to allogeneic BM transplantation. Patients without donors were randomly assigned to autologous BM transplantation or consolidation chemotherapy. The protocol allowed BM transplantation up to 12 weeks after completion of induction therapy.
Conditioning
BM transplantations were performed at CCG-approved centers. Patients received oral busulfan (4 mg/kg/d ϫ 4 days) in 4 divided doses from day Ϫ9 through day Ϫ6, followed by cyclophosphamide (50 mg/kg/d ϫ 4 days) on days Ϫ5 through Ϫ2. After a day of rest, bone marrow cells were infused. We recommended that patients receive 3 ϫ 10 8 nucleated donor marrow cells/kg. Donor bone marrow was processed only in cases of major ABO incompatibility.
Supportive care
Posttransplantation supportive care was given according to institutional guidelines. All patients required placement of indwelling central venous catheter and received total parenteral nutrition as needed. The protocol recommended trimethoprim/sulfamethoxazole for Pneumocystis carinii prophylaxis and nystatin or clotrimazole be given until the absolute neutrophil count (ANC) exceeded 1 ϫ 10 9 /L. Cytokines were not used routinely after transplantation. Acyclovir was recommended for prophylaxis against recurrent herpes simplex stomatitis in seropositive patients.
Definitions
Myeloid engraftment was defined as the third consecutive day the ANC exceeded 0.5 ϫ 10 9 /L. Platelet engraftment was defined as the third day the platelet count exceeded 20 ϫ 10 9 /L without platelet transfusion. Toxicity was graded by using the CCG toxicity scale.
GVHD prophylaxis
All patients, including those who received HLA-disparate grafts, received methotrexate until day 100 according to the Seattle regimen. 11 The staging and grading of GVHD was performed according to the Seattle criteria. 11 The treatment of acute and chronic GVHD was left to the discretion of individual transplantation centers.
Statistical analysis
Analysis was limited to 150 patients who had AML and underwent allogeneic BM transplantation while in first remission and includes data collected through August 11, 2000 . The Kaplan-Meier method 12 was used to calculate estimates of OS, DFS, and relapse-free survival (RFS) for patients in remission at the end of induction. DFS was defined as the time from the end of induction to relapse or death by any cause. RFS was defined as the time from the end of induction to relapse or death as a result of progressive disease, censoring deaths as a result of other causes. Patients lost to follow-up were censored at their last known point of study, with a cutoff of February 11, 2000 . Confidence intervals were calculated by using Greenwood estimate of the standard error. 13 Differences in OS, DFS, and RFS were tested for significance by using the log-rank statistic. 14 Univariate analysis of prognostic factors was examined by using the approach of Kaplan and Meier and of Cox regression for fixed and time-dependent factors, respectively. 15 All factors were considered by using defined discrete categories. Factors significant in univariate analysis at a P value less than .05 were considered for inclusion in multivariate Cox regression models. The likelihood ratio test was used to determine whether variables should be added or dropped from the multivariate model. Multivariate analyses included patients with complete covariate data. Acute GVHD status was analyzed with 3 levels: none, grades 1 to 2, and grades 3 to 4 acute GVHD. Chronic GVHD status was analyzed as a dichotomous factor (no chronic GVHD or chronic GVHD). Because acute and chronic GVHD status can vary with time, fixed and time-dependent analyses of these factors were considered. Fixed and time-dependent analyses of acute GVHD yielded almost identical results, so only results from the fixed analysis are reported. Conversely, fixed and time-dependent analysis of chronic GVHD yielded qualitatively different results, so only results from the time-dependent analysis are reported.
Results
Patients
One hundred eighty-one patients had matched family donors and thus were assigned to undergo allogeneic BM transplantation. One hundred forty-nine (82%) received induction therapy and underwent allogeneic BM transplantation according to protocol. One patient randomly assigned autologous BM transplantation received an allogeneic BMT. Thirty-two patients who were assigned allogeneic BM transplantation did not receive it for the following reasons: one patient underwent autologous BM transplantation, 16 did not receive transplants for unspecified reasons, 2 patients relapsed before BM transplantation, 7 received only 1 course of induction therapy, and 6 patients received preparative therapy other than that specified in the protocol. Thus, 150 patients were analyzed. Three (2%) patients required an additional course of induction therapy to achieve a remission; the remainder went into remission after one course of induction therapy. The median number of days from the beginning of the second course of induction therapy to BM transplantation was 79 days (range, 51-197 days). All patients who underwent BM transplantation were in remission as defined as an unsupported platelet count of more than 100 ϫ 10 9 /L, absolute neutrophil count of more than 1 ϫ 10 9 /L, and less than 5% bone marrow blasts. One hundred forty-four patients received grafts from HLA-identical donors and 6 received marrow disparate at a single HLA locus. Patient characteristics are shown in Table 1 .
Engraftment and toxicity
The median number of days to reach an absolute neutrophil count of 0.5 ϫ 10 9 /L was 23 (range, 0-46 days). The median time to reach an unsupported platelet count of 20 ϫ 10 9 /L was 24 days (range, 1-113 days). Grades 3 and 4 nonhematologic toxicities occurred in 63.3% of patients (95 of 150) ( Table 2 ). Toxicities that occurred in more than 10% of cases included stomatitis (26%), hyperglycemia (10%), hematuria (10%), renal insufficiency (21%), hypertension (7%), increased alanine aminotransferase (ALT) (27%), increased aspartate aminotransferase (AST) (19%), hyperbilirubinemia (17%), and hepatic veno-occlusive disease (12%). Grades 3 and 4 nonhematologic toxicities were more frequent in patients with acute GVHD. Grade 3 or 4 toxicities occurred in 53% of patients without GVHD, whereas 75% of patients with acute GVHD experienced at least one grade 3 or 4 toxicity (P ϭ .007). Patients with acute GVHD had significantly higher incidences of hyperbilirubinemia (25% versus 9%, P ϭ .008), hyperglycemia (18% versus 3%, For personal use only. on August 29, 2017. by guest www.bloodjournal.org From P ϭ .002), renal insufficiency (35% versus 8%, P Ͻ .001), hematuria (18% versus 3%, P ϭ .002), diarrhea (11% versus 1%, P ϭ .014), and skin rashes (13% versus 0%, P ϭ .001) compared with patients without GVHD.
GVHD
Fifty-three percent of patients (n ϭ 79) never developed acute GVHD. Twenty-three percent of patients (n ϭ 34) developed grade 1 acute GVHD, 16% (n ϭ 24) grade 2, 5% (n ϭ 7) grade 3, and 4% (n ϭ 6) grade 4 acute GVHD. Grade 3 or 4 acute GVHD occurred in 6.4% of patients who received intensive-timing induction therapy and in 13.5% of patients who received standard-timing induction therapy (P ϭ .223). Among the 87 patients younger than 10 years, 4.6% (4 of 87) developed grade 3 or 4 acute GVHD, whereas among the 63 patients 10 years or older, 17.5% (11 of 63) developed severe GVHD (P ϭ .044). Grade 3 or 4 acute GVHD was not seen in any of the 6 patients who received grafts from one-antigen-mismatched donors. Limited chronic GVHD occurred in 7.3% of patients (n ϭ 11) and extensive chronic GVHD occurred in 14% of patients (n ϭ 21). Chronic GVHD was seen in 21.2% of patients who received standard-timing induction therapy and in 21.3% of patients who received intensive-timing induction therapy.
Survival
Overall survival and DFS at 6 years were 67% (95% confidence interval [CI], 58%-74%) and 57% (95% CI, 48%-65%), respectively. Patients who received intensive-timing induction therapy had a DFS of 67% (95% CI, 56%-75%) compared with 42% (95% CI, 27%-56%) in recipients of standard-timing therapy (P ϭ .005).
Overall survival for recipients of intensive-timing induction therapy was 75% (95% CI, 64%-83%) at 6 years compared with 54% (95% CI, 38%-67%) in recipients of standard-timing induction therapy (P ϭ .008). DFS, OS, and RFS for patients who underwent BM transplantation in less than 79 days from the beginning of the second course of induction therapy was no different than that seen in patients who underwent BM transplantation more than 79 days from the start of the second course of induction therapy (data not shown). Patients who received grafts from one-antigenmismatched donors (n ϭ 6) had a DFS of 60% (95% CI, 13%-88%), which was not statistically different than DFS for patients who received HLA-identical grafts. Univariate analysis of factors associated with favorable DFS (Table 3) included receiving intensive-timing induction therapy (P ϭ .005), no hepatomegaly at diagnosis (P ϭ .013), no splenomegaly at diagnosis (P ϭ .03), lack of TDT expression (P ϭ .019), and having acute GVHD (P ϭ .001).
The effect of specific cytogenetic abnormalities (inversion 16, t(8;21) , monosomy 7) on OS, DFS, and RFS were not significant; however, informative cytogenetic data were available in only 57% (85 of 150) of cases. Patients with grade 1 or 2 acute GVHD had a DFS of 65% (95% CI, 49%-78%) compared with 58% (95% CI, 46%-68%) seen in patients who never developed acute GVHD (P ϭ .076). Patients with grade 3 or 4 acute GVHD had inferior DFS (15% at 6 years; 95% CI, 1%-45%) compared with patients without acute GVHD or grade 1 or 2 acute GVHD (P Ͻ .001) (Figure 1) . Factors associated with a favorable OS included receiving intensive-timing induction therapy (P ϭ .008) and lack of grade 3 or 4 acute GVHD (P Ͻ .001).
Multivariate analysis of factors associated with favorable DFS demonstrated that patients who had grade 3 or 4 acute GVHD were 2.73 times more likely to die compared with patients with no GVHD or grades 1 and 2 GVHD (P ϭ .007). Patients who received standard-timing induction therapy were 1.8 times less likely to survive than those who received intensive-timing induction therapy (P ϭ .027), and patients with an enlarged spleen at diagnosis were 2 times as likely not to survive as those who had a normal-sized spleen at diagnosis (P ϭ .009). Factors associated with a favorable OS included lack of grade 3 or 4 GVHD (P Ͻ .001) and having received intensive-timing induction therapy (P ϭ .041). Causes of death other than relapse included infection (n ϭ 11), hemorrhage (n ϭ 3), toxicity (n ϭ 6), and GVHD (n ϭ 6). Eight patients died of unknown causes.
Thirty-three patients had a marrow relapse and 6 had an isolated CNS relapse. The median time to relapse was 9.1 months after induction remission (range, 1. 2-70.5 months) . Thirteen patients died as a result of recurrent disease. Univariate analysis of factors associated with recurrent leukemia demonstrated that hepatomegaly (P ϭ .01), splenomegaly (P ϭ .011), French-American-British (FAB) M5 (P ϭ .027), and not having any acute GVHD (P ϭ .006) were associated with a greater risk for relapse (Table 3) . 
Graft-versus-leukemia
RFS correlated with the severity of acute GVHD (Figure 2 ; Table  3 ). Patients with no acute GVHD had a 62% RFS at 6 years (95% CI, 50%-72%). Patients with grade 1 acute GVHD had a 76% RFS (95% CI, 50%-90%) (P ϭ .046) and patients with grade 2 acute GVHD had a 87% RFS (95% CI, 65%-96%) (P ϭ .03). Of the 13 patients with grade 3 or 4 acute GVHD who survived, no relapses were observed. Although chronic GVHD was associated with improved RFS (RR ϭ 0.24, P ϭ .05), the reduced rate of relapse did not result in improved OS or DFS. Multivariate analysis showed that patients with grades 1 to 2 acute GVHD had one third the relapse risk as those with no GVHD (P ϭ .008), and patients with grades 3 to 4 acute GVHD (n ϭ 13) had the lowest risk for relapse. Patients with hepatomegaly at diagnosis were twice as likely to relapse as those with normal liver size (P ϭ .014) ( Table 4 ). Because the choice of induction therapy is a controllable variable and patients who received intensive-timing induction had superior DFS, the effect of grade 1 or 2 acute GVHD on DFS in patients who received intensive-timing induction therapy was studied ( Figure 3 ). Recipients of intensive-timing induction therapy who did not develop acute GVHD (n ϭ 49) had a 63% DFS (95% CI, 47%-75%), whereas recipients of intensive-timing induction therapy with grade 1 or 2 acute GVHD (n ϭ 39) had a 79% DFS (95% CI, 60%-87%) (P ϭ .009).
Discussion
CCG 2891 represents the largest prospective series of pediatric patients with AML who underwent allogeneic BM transplantation in first remission. Outcomes presented here were based on patients who received induction therapy and preparative therapy according to protocol, instead of based on the results of randomization (intent to treat). This basis allowed a more accurate estimation of toxicities and severity of acute and chronic GVHD because the data reflect outcomes in patients who received induction therapy and underwent BM transplantation according to protocol.
This study demonstrates a GVL effect. Univariate analysis showed that patients with grades 1 or 2 acute GVHD had better DFS compared with patients who never developed GVHD, and acute and chronic GVHD were associated with improved RFS. In the multivariate analysis, acute GVHD was the most significant factor associated with improved RFS. The demonstration of a GVL effect is supported by studies that showed a higher relapse rate in patients who received methotrexate and cyclosporine A for GVHD prophylaxis 16, 17 and improved leukemia-free survival in adults with AML who had acute or chronic GVHD. 9, 10 Jernberg et al 18 reported that chronic, but not acute, GVHD was associated with improved leukemia-free survival in children who had acute lymphoblastic leukemia (ALL) or AML. In that report, GVHD prophylaxis regimens were not standardized, and almost 40% of patients For personal use only. on August 29, 2017. by guest www.bloodjournal.org From received grafts from unrelated donors. These differences may explain why a GVL effect was not seen with acute GVHD.
The incidence of grades 3 and 4 GVHD was higher in patients 10 years or older (14.3%) compared with that in patients younger than 10 years (4.6%, P ϭ .044). Increasing patient age has been reported as a risk factor for the development of acute GVHD. [19] [20] [21] [22] In those studies, pediatric patients often were grouped as those younger than 18 to 20 years, and assessment of GVHD included grade 2 and grades 3 and 4 acute GVHD. Because patients in studies with grades 1 or 2 acute GVHD had improved DFS compared with those with none or severe GVHD, identification of patients at risk for developing severe acute GVHD may justify more intensive GVHD prophylaxis for older patients. We observed that DFS in recipients of grafts disparate at a single HLA locus was no different than DFS in recipients of HLA-identical grafts, the number of disparate grafts were too few for statistical comparison. These results are, however, consistent with previous reports showing that recipients of grafts disparate for one HLA locus have similar outcomes to recipients of HLA-identical grafts. 23 In contrast to our experience with patients who underwent autologous BM transplantation, 24 patients aged birth to 2 years at diagnosis did not have worse outcome than patients older than 2 years. Because both autologous and allogeneic BM transplantation arms were given identical conditioning regimens, we hypothesize that GVL may have compensated for a higher relapse rate because of the increased clearance of busulfan known to occur in infants. 25, 26 Recipients of intensive-timing induction therapy had better DFS compared with recipients of standard-timing therapy, which confirmed our previous reports. 1, 2 The mechanism by which intensivetiming therapy results in improved DFS after BM transplantation is unclear. Recipients of intensive-timing therapy had improved RFS compared with recipients of standard-timing therapy, but these differences were not significant. Recipients of intensive-timing therapy also had lower, but not statistically significant, incidence of grades 3 and 4 acute GVHD. We hypothesize that the higher incidence of severe GVHD and higher relapse rates seen in recipients of standard-timing induction therapy may account for the improved DFS seen in patients who received intensive-timing induction therapy.
This study identified potentially controllable variables such as intensive-timing induction therapy and GVHD prophylaxis that may affect outcome after BM transplantation. Our results suggest that it is reasonable to use only methotrexate for GVHD prophylaxis for patients younger than 10 years so that the GVL effect is not compromised. Older patients, who are at greater risk for developing grade 3 or 4 GVHD, may benefit from more intensive prophylaxis. The data from this study provide the justification for further clinical and laboratory investigations to optimize the GVL effect in pediatric patients with AML.
